The effect of stocking density (10, 31.6 and 100 larvae l À 1 ; three replicates per treatment) on the day-by-day dynamics of survival, growth and cannibalism was examined in sibling perch larvae reared from eyed-egg stage in 100-l cages (16L:8D, 20.0 F 0.5 jC, O 2 z 6.0 mg l À 1 ; feeding in excess with live Artemia nauplii during the photophase) during the first 3 weeks of exogenous feeding. Larvae unable to achieve the transition to exogenous feeding died in between 7 and 11 days post-hatch. Later, mortality from causes other than cannibalism never exceeded 1% day À 1 . Cannibalism did not start before days 10 -11 and first consisted in the incomplete ingestion of prey attacked tail first, exclusively. This type of cannibalism never caused losses higher than 2.0% of the initial stock, and ceased after days 16 -18. From days 12 -14 onwards, differential growth was apparent, and cannibals turned to complete cannibalism of small prey ingested head first, which caused greater losses (28 -53% of the stock). Increasing the stocking density did not compromise growth and decreased the overall impact of cannibalism through several complementary mechanisms: (i) a postponed emergence of cannibalism, (ii) a lower proportion of cannibals in the population, and (iii) probably a lower rate of cannibalism per capita as predation was complicated and less directed at high stocking density. D
Introduction
Cannibalism is a frequent phenomenon in cultured fish (Smith and Reay, 1991; Hecht and Pienaar, 1993; Folkvord, 1997; Baras, 1998; Baras and Jobling, 2002) . It is proportionally more frequent among predatory species than in other taxa (esocids, Bry and Gillet, 1980; Giles et al., 1986; Bry et al., 1992; Kucharczyk et al., 1998; clariids, Hecht and Appelbaum, 1988; Baras, 1999; characids: Baras et al., 2000; Gomes et al., 2000; percids: Cuff, 1977 percids: Cuff, , 1980 Loadman et al., 1986; Brabrand, 1995; Mélard et al., 1996a) . Larvae catch prey tail first, swallow them progressively up to the head, which is eventually discarded (type I cannibalism: Cuff, 1980) . Larvae or juveniles that have gained a growth advantage through the exercise of early cannibalism switch to complete (type II) cannibalism as size heterogeneity develops. Type II cannibalism is ruled by gape-size limitations and can be mitigated by size-sorting, whereas type I cannibalism is not, and can be mitigated exclusively through the adjustment of environmental factors (chiefly stocking density, light, temperature, food and feeding schedule; syntheses in Hecht and Pienaar, 1993; Baras, 1998; Kubitza and Lovshin, 1999; Baras and Jobling, 2002) .
Determining the age of fish at the emergence of cannibalism, the respective impact of the two types of predation, and the effect of environmental variables on their intensity are prerequisites to the mitigation of cannibalism in aquaculture. Mitigation of cannibalism is proportionally more important for species in which artificial reproduction is not practised, and for which the production of weaned juveniles represents a substantial part of the total cost of production. Both criteria apply to the Eurasian perch Perca fluviatilis (Tamazouzt et al., 1994; Mélard et al., 1996b) . Smily (1952) , Il'ina (1973) , Spanovskaya and Grygorash (1977) , Thorpe (1977) and Brabrand (1995) documented the emergence of cannibalism in perch at an early age. Kestemont et al. (1995) and Mélard et al. (1995 Mélard et al. ( , 1996a reported on its overall impact during the larval and early juvenile stages. Little is known on the actual growth -survival -cannibalism (hereafter, GSC) dynamics of perch, except for studies on small samples in experimental environments (Brabrand, 1995) .
This study aimed to characterise the GSC dynamics during the larval and early juvenile stages of the Eurasian perch in production-like conditions, as a function of stocking density. Considering that temperature and provision of food are set for maximising growth in aquaculture environments, light-related factors (day length, light intensity, turbidity) and stocking density are amongst the only factors that can be tailored by aquaculturists. The influence of stocking density on cannibalism in fish has been highlighted on many occasions (Li and Mathias, 1982; Degani and Levanon, 1983; Giles et al., 1986; Hecht and Appelbaum, 1988; van Damme et al., 1989; Haylor, 1991; Kaiser et al., 1995; Mélard et al., 1996a; Kucharczyk et al., 1998; Baras et al., 1999) . Little is known however whether stocking density affects the emergence of cannibalism, the number of cannibals in the population and/or the dynamics of cannibalism (Kucharczyk et al., 1998) .
Material and methods
All fish used in this experiment were siblings originating from a single egg ribbon (circa 66,500 eggs) spawned by wild breeders in the Lake of Robertville (Eastern Belgium). The ribbon was collected on 30 April 1998, and was transferred into the experimental hatchery of the Aquaculture Station of the University of Liège (Tihange, Belgium). Eggs were incubated onto trays at 15-16 jC until eyes of embryos were visible. Two days before hatching, four samples of eggs (circa 1 g) were weighed (nearest mg) and counted in order to determine the mean weight of eggs (8.7 F 0.4 mg), and the survival rate at this stage ( z 99% in all four samples). On the eve of hatching, nine groups of eggs were weighed (nearest 0.1 g), and transferred onto trays that were installed inside 100-l floating cages (mesh size: 100 Am, PVC bottom plate) in an independent recirculating system at 16 jC. This was done because larvae of perch are more delicate to handle and count than eggs, especially when regularly arranged in a ribbon. Three stocking densities, with three replications per treatment, were evaluated, using logarithmic steps between densities (i.e. 1000, 3163 and 10,000 eggs per cage, hereafter treatments L, M and H [low, medium and high], respectively).
Within the first 24 h, water temperature was warmed progressively from 16.0 to 20.0 F 0.5 jC, then was automatically regulated at this value for the rest of the experiment. The illumination regime was set at 16L:8D (light from 0600 to 2200 h), after Jourdan (1999) demonstrated the positive correlation between day length and the survival of perch larvae. The trays were removed when all embryos had hatched (delay between earliest and latest hatching eggs: 49 h; mean body weight of embryos: 0.85 mg). Food distribution started on the next day (hereafter, day 1) and extended over 3 weeks. Larvae were fed in excess with live brine shrimp nauplii (45.2% protein, 21% lipid content) that were distributed with a peristaltic pump (Watson Marlow, model 202 S) during daylight hours (10 periods of 10 min at 90-min intervals, starting from 0800 h). The food rations were incremented each day (i.e. from 1 mg per fish on day 1 to 80 mg per fish on day 21), in order that fish were fed in excess throughout the experiment. In between the first two feeding periods of each day, the bottom plate of each cage was siphoned. Dead fish were separated from faeces and wasted feed. Tail-off larvae or fish heads were regarded as victims of type I cannibalism, and were counted separately from other dead fish.
On feeding days 7 and 14, a sample of 25 (L) or 50 fish (M and H) was collected in each cage in order to measure size heterogeneity. On day 22, no food was distributed. The cages were emptied and all surviving larvae were counted. A sample of 100 randomly selected fish was measured in each group when the number of survivors exceeded this value. All large (i.e. about twice the size of the smallest fish within the sample; Brabrand, 1995; Mélard et al., 1996a) individuals, which were deemed to have cannibalistic tendencies, were counted and measured individually to the nearest 0.1 mg. Additional samples of live fish were collected in 2-l buckets on days 7, 14 and 18 in order to estimate the survival rates until these days. The volume of water was measured to the nearest 0.01 l, then fish were counted and released into the cages (three samples per cage).
The losses to type II cannibalism were calculated as follows. The theoretical survival rate was obtained by subtracting from the initial number of fish, the running sums of dead fish (both intact and truncated) collected each day. The actual survival rate was estimated from volumetric estimates (days 7, 14 and 18) or counts (day 22) of survivors. Type II cannibalism was deemed to have started when the former was outside the 95% confidence interval of the latter. The effect of stocking density on mortality, type I and type II cannibalism, and the proportion of cannibals at the end of the study was analysed by contingency table analysis. The body weights of perch larvae on days 7, 14 and 21 were compared with one-way analyses of variance (ANOVA) and Scheffe F-tests. Null hypotheses were rejected at P < 0.05.
Results
At the end of the study, survival was significantly higher at the highest stocking density (H, Table 1 ). All fish in cage L3 died within the first 20 rearing days ( Fig. 1 ), possibly as a result of a pathological outbreak, and this group was not taken into account for any statistical comparison in this article. Except for this, mortality showed unimodal dynamics, with a sharp peak (8.5 -17.6% day À 1 ) on day 7 or 8, and a curvilinear decrease until day 11 or 12. Frequency distributions of fish body weight on day 7 were bimodal, with about 30% of the fish showing no weight gain since hatching (Fig. 2) . Most dead larvae collected from day 7 to day 12 had slender bodies and weighed less than 1.0 mg. The frequency distributions of fish body weights on day 14 had become unimodal, and contained no or very few fish weighing less than 1 mg. These observations support the idea that mortality during this period affected essentially the smallest individuals, which were probably nonfeeders. Beyond day 12, these losses were always < 1.0% day À 1 , except in cage L3. Over the 21-day Table 1 Effect of stocking density on the mortality, cannibalism and growth of sibling perch reared over 21 days in 100-l floating cages at 20.0 F 0.5 jC under 16L:8D rearing period, deaths from causes other than cannibalism amounted to over 30% of the initial stock in all three treatments, with the highest impact in treatment M (51.7%, Table 1 ). Truncated fish were observed first on day 11, suggesting that type I cannibalism had not been exerted by larvae younger than 10 days. It peaked in between days 12 and 15, then vanished in most groups after day 16. A notable exception to this pattern was group H2, which showed the lowest mortality rate of all groups, and where type I cannibalism persisted until the end of the experiment (Fig. 1) . On average, losses to type I cannibalism were low ( V 1.5% of initial stock), and did not differ significantly between stocking densities (Table 1) . However, type I cannibalism emerged, and peaked slightly earlier in treatments L compared to treatments M and H (Figs. 3 and 4) .
Volumetric counts of the numbers of perch on days 7 and 14 were consistent with the numbers of survivors that were estimated from losses to mortality and to type I cannibalism, suggesting that type II cannibalism had been insignificant until this age (Fig. 3) . By contrast, counts on days 18 and 22 were significantly lower than the estimated numbers of survivors, suggesting that type II cannibalism had started becoming intense in between days 14 and 18. This conclusion is supported by the finding that the coefficient of variation (CV) of the mean body weight was high until day 14 inclusive, and decreased from day 14 to day 22 (Table 1) , when the smallest individuals were removed from the population by the cannibals. It is also supported by some observations of suffocated cannibals, with the head of the prey stuck in their gut, from day 16 onwards (exclusively in groups H1 and H3). This was seen in all cages, except for H2, where type I cannibalism was still intense on these days. As was seen with type I cannibalism, type II cannibalism started earlier at low stocking density than in other groups. This was probably the reason why the total loss to type II cannibalism in treatments L was greater than in treatments M and H. Similarly, the final (day 22) proportions of large juveniles deemed to have cannibalistic tendencies differed significantly between treatments, and were inversely proportional to stocking density (Table 1) . It is worth noticing that no single fish of group H2 was identified as a potential cannibal, despite the fact that the impact of type II cannibalism was estimated at 23.2% of the initial stock in this particular group. This apparent paradox could be due to cannibals 'tracking the population', and consuming prey as soon as they were proportionally small enough to be consumed.
Perch larvae grew at a relatively slow rate in all groups ( < 13% day À 1 ). Nevertheless, growth rates and size heterogeneity were significantly influenced by the initial stocking density. Final body weight was greater and size heterogeneity was lower in treatments H than in other treatments (Table 1) . No such differences were seen on days 7 and 14, Fig. 2 . Body weight frequency distributions of perch larvae aged 7, 14 and 21 days, depending on stocking density. Values are the means of three replicates for the three stocking densities. Distributions on days 7 and 14 were obtained from one sample of 25 (N i = 1000) or 50 fish (N i z 3163) in each group, whereas the distributions on day 22 took into account all surviving fish, except for the individuals assumed to be potential cannibals (Table 1) . Closed bars on graphs at day 7 are fish showing no positive growth, and deemed to starve during the next days.
suggesting that most of the differences emerged during the period when type II cannibalism was most intense (days 14 -21).
Discussion
As in other percomorphs (e.g. striped bass Morone saxatilis, Tsai, 1991), a substantial proportion of perch larvae is unable to prey on Artemia nauplii, and requires smaller food items (e.g. rotifers, small size Artemia; Mélard et al., 1996a; Vlavonou et al., 1999) . Kestemont et al. (1996) estimated that this proportion ranged from 30% to 40%. Jourdan Fig. 4 . Dynamics of mortality and cannibalism (I = incomplete ingestion, II = complete ingestion) during the ontogeny of perch, depending on stocking density. Values and error bars are the means F S.E.M. of three replicates. Fig. 3 . Comparison between the survival rates of perch larvae, as estimated from the daily counts of dead larvae and victims of type I cannibalism (closed squares), and those deduced from volumetric estimates (open squares; days 7, 14, 18) or fish counts (day 22). Volumetric estimates of the number of survivors were obtained from three samples of circa 2 l in each group. Error bars are the 95% confidence intervals of volumetric estimates. A difference between the two estimates indicates that type II cannibalism has caused significant losses since the last examination.
(1999) and Vlavonou et al. (1999) reported that perch larvae that were apparently unable to feed on Artemia nauplii died in between 6 and 11 day post-hatch, and similar mortality dynamics were obtained during starvation experiments at the same temperature as here (Abi-Ayad, 1998) . This supports the idea that the early mortality of perch larvae during this study reflected small fish dying of hunger. Beyond day 11, cannibalism contributed presumably to eliminating the few remaining individuals weakened by starvation.
Cannibalistic behaviour in this experiment was observed first in 10-day-old fish. This is consistent with the findings of Brabrand (1995) , who stated that perch do not exert cannibalism at larval stage IV (7.2 mm and < 2 mg; after the classification of Konstantinov, 1957) , whereas they do from larval stage V (10.5 mm and 6 mg) onwards. This is much earlier than in most other temperate species (e.g. pike Esox lucius; Giles et al., 1986; Bry et al., 1992 ; koi carp Cyprinus carpio, van Damme et al., 1989 ; sea bass Dicentrarchus labrax, Katavic et al., 1989; yellowtail Seriola quinqueradiata, Sakakura and Tsukamoto, 1996) , but slightly later than in other percids (walleye Stizostedion vitreum : Cuff, 1977; Loadman et al., 1986) and percichtyids (striped bass M. saxatilis: Braid and Shell, 1981) at similar temperatures. Brabrand (1995) observed that perch could consume siblings tail first or head first. Here, perch larvae started consuming their prey tail first exclusively, probably because size heterogeneity was initially low, and did not permit cannibals to find prey that were small enough to be swallowed whole. Later, size heterogeneity increased, partly as a result of early cannibalism. Fish prey have a higher content of digestible nutrients than plankton prey (Meffe and Crump, 1987; Kubitza and Lovshin, 1999) , so fish feeding totally or partly on conspecifics generally grow faster than those feeding exclusively on plankton prey (Baras and Jobling, 2002) , and this is precisely the case in the Eurasian perch (Brabrand, 1995) . Increasing size heterogeneity facilitated the exercise of type II cannibalism, which is determined by gape-size limitations. The reasons behind the abandonment of type I cannibalism in the Eurasian perch are probably manifold, and similar to those invoked for other species: a greater difficulty of capturing tail first prey with increasing swimming capacities (e.g. Li and Mathias, 1982) and a greater risk of exposure to other cannibals (e.g. Baras et al., 2000) or kleptoparasites (e.g. Nilsson and Bronmark, 1998) when prey increase in size. Brabrand (1995) precisely found that cannibals of Eurasian perch were less successful while trying to catch their prey tail first. Another reason behind the shift to complete cannibalism in perch and other Acanthopterygians is the development of spiny fin-rays. As soon as spiny rays develop, prey can no longer be ingested tail first to avoid damage the mouth and gut of the cannibals. This implies that prey are smaller relative to cannibals than were those for type I cannibalism, and that the per capita impact of cannibalism increases after the shift to type II cannibalism (see also Baras, 1999; Baras et al., 2000) . The earlier the emergence of type I cannibalism, the earlier the increase in size heterogeneity and shift to type II cannibalism, and the greater the overall impact of cannibalism. This functional interpretation accounts for why cannibalism was more intense at the lowest stocking density, where type I cannibalism emerged earlier than at higher stocking densities.
The negative correlation between stocking density and growth in perch at high stocking density is consistent with the results of large-scale 'black-box' experiments by Mélard et al. (1996a) , and can be accounted for by several complementary factors. Uematsu and Takamori (1976) put forward the role of social facilitation of feeding in the medaka Oryzias latipes (i.e. greater amounts of food consumed by individuals at higher stocking density). Hecht and Uys (1997) found that sharptooth catfish consumed less food when stocked at low density, and they hypothesised that the motivation to maintain a territory was stronger than the motivation to forage in these circumstances. Similar considerations may apply here: perch larvae were observed shoaling at the intermediate and high stocking density, whereas they were dispersed at the lowest stocking density. Whichever the exact reason, increasing the stocking density resulted in faster growth and lower size heterogeneity (see also Grant, 1993 Grant, , 1997 for a discussion on the effect of density on dominance hierarchies, and Kestemont et al., in press for a review of factors that affect size heterogeneity among Eurasian perch larvae).
An increase in stocking density results in a greater probability of encounter between a cannibal and potential prey. In species or life stages that exert a contact-and-consume predation, this leads to increased cannibalism (e.g. walleye : Cuff, 1980; Li and Mathias, 1982; Loadman et al., 1986; catfishes: Haylor, 1991; characids: Baras et al., 2000; Gomes et al., 2000) . In visually orientated species, cannibalism can be complicated when the predator is confronted to a large number of targets, which may cause a perceptual confusion effect and make prey selection less efficient. For example, Kucharczyk et al. (1998) observed that the cannibalistic attacks of northern pike were less successful when population density was high. The confusion brought about by the multiplicity of targets may also cause predators to misestimate the relative size of their prey and direct their attacks towards prey that are slightly too large for their gape. Perch possesses spiny finrays that make regurgitation impossible, so cannibals that consume excessively large prey eventually suffocate. The finding that suffocated perch cannibals were observed at the highest stocking density exclusively, supports this interpretation.
Cannibals at high stocking density probably had a lower impact per capita and could exert cannibalism over a shorter period than at lower densities. The number of fish identified as cannibals at the end of the study was proportional to stocking density, but the proportion of cannibals relative to the initial number of fish was negatively correlated to stocking density. A similar relationship was observed by Mélard et al. (1996a) , who hypothesised that a minimum territory size was necessary for the expression of type II cannibalism. As a corollary, the maximum number of cannibals that can be 'hosted' by an environment is strongly influenced by the dimensions of the environment, so increasing the initial stocking density may serve to reduce the proportion of cannibals, and thus the impact of cannibalism. The latter argument should be considered with caution, at least when the proportion of cannibals is determined from the examination of size distributions at the end of a rearing period. Such an information is of great value for predicting forthcoming cannibalism, but is of limited value for understanding how intense cannibalism has been until then (Baras and Jobling, 2002) . Cannibalism impacts on size heterogeneity, and group H2, where no single fish was identified as a cannibal despite cannibalism had eliminated over 30% of the stock, is a good example of this.
All in all, cannibalism caused the elimination of 29.5% to 54.5% of the initial stock, depending on stocking density. These losses are higher than in a series of other experiments with perch. We cannot rule out the hypothesis that cannibalism had been facilitated by the hatching time extending over 49 h in this experiment. Differential hatching generally results in greater initial size heterogeneity, which is likely to facilitate cannibalism (e.g. larvae of sharptooth catfish Clarias gariepinus; Baras and d'Almeida, 2001 ). However, Kestemont et al. (in press) report that cannibalism in perch is as intense among siblings hatched within 24 h as among siblings hatched over 48 h. The difference between perch and other fish species in which differential hatching has been found to influence cannibalism, probably relates to the times of emergence of cannibalism with respect to the dynamics of mortality of starving fish (Baras and Jobling, 2002) . If cannibalism starts early during the ontogeny, small or deformed fish are the trigger to cannibalism. On the contrary, if cannibalism starts after small or deformed larvae have starved, as is the case for perch, initial size heterogeneity has less influence on the dynamics of cannibalism. Instead, it is probable that cannibalism in this particular experiment has been facilitated by young perch being fed exclusively with brine shrimp nauplii, which have a lower energy content than formulated feed (Kubitza and Lovshin, 1999; Lee and O'Bryen, 2001) . Cannibals obtain a proportionally greater advantage over siblings feeding on brine shrimp than over those feeding on formulated feed (Baras and Jobling, 2002) , so cannibalism can cause greater losses if the distribution of plankton prey is prolonged for longer than necessary.
Conclusion
This study provided evidence that the decrease of cannibalism among perch under increasing stocking density resulted from a combination of factors (lower proportion of cannibals, lower per capita impact, delayed emergence of cannibalism). This finding, together with the observation that type I cannibalism-which cannot be mitigated by size grading-has a minor impact in perch, is an encouraging result for the development of perch aquaculture. Nevertheless, type II cannibalism in perch may become intense at an age (14 -18-day post-hatch) and size ( < 20 mm) when fish are still too small for manual or mechanical size-sorting. Future research efforts should aim at improving the growth of perch during the early life stages, as this would postpone the onset of complete cannibalism and enable aquaculturists to sort fish at a younger age, thereby decreasing the overall losses to cannibalism. Formulated feed has a higher energy content than plankton prey, and the determination of the cut-off sizes or age at which perch larvae can be weaned is a priority, for reducing both cannibalism and feeding costs. In view of the dynamics of cannibalism observed here, it would be worthwhile to try weaning perch larvae at 14 -16-day post-hatch at 20 jC, since this is the time when type II cannibalism starts becoming intense. Preliminary experiments indicate that this is indeed feasible and that it yields survival and growth rates similar to, or better than those of fish weaned at an older age (Gielen et al., unpublished) .
